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Government. While this document is believed to contain correct information, neither the 
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Creep behavior of air-cooled and liquid nitrogen'"quenched soldered joints 
of 60/40 Sn-Pb at 65° C has been studied. The stress exponent, n, in the 
power law, y (steady state strain rate) oc crn (applied stress), chanfes from a 
value of about 6 to values of 2 or 3, as y decreases below 10- in/in per 
second. This result, combined with the authors' previous stepped load 
creep test results, indicates a transition in creep deformation mechanism 
from conventional dislocation climbing to superplastic grain boundary 
sliding. The superplastic creep of the soldered joints is ascribed to their 
non-lamellar microstructure due to their fast cooling rate. During creep 
deformation, recrystallization of the soldered joints occurs, resulting in a 
softening phenomenon. 

1 INTRODUCTION 

Thermal fatigue of solder joints results from the thermal expansion mismatch 
between soldered materials, and is an increasing reliability concern in microelectronic 
packaging. Because of its low melting point, a eutectic Sn-Pb solder joint creeps during 
thermal cycles between ambient and higher temperatures. Creep in Sn-Pb alloys proceeds 
via two mechanisms, dislocation climbing inside the grain matrix, and grain boundary 
sliding. The latter is the mechanism for superplasticity in Sn-Pb eutectic alloys. The work 
by Shine and et al 1,2 suggests that the fatigue life of a solder joint can be correlated to the 
amount of matrix creep during a thermal cycle, implying that the superplastic creep does not 
harm the fatigue resistance of the joint. It is important to understand the conditions for the 
superplastic creep in terms of temperature, stress, strain rate, and microstructural source. 

Superplasticity in near-eutectic Sn-Pb alloys has been studied since the first 
published work by Jenkins in 1928.3 He found that the cold-rolled alloys can be stretched 
under a prolonged tensile loading to an elongation of 410%, while the cast alloys have 
failed at elongations of only 10 to 20%. A later work by Pearson4 showed that an extruded 
eutectic Sn-Pb wire can be slowly pulled up to 2000% at room temperature before rupture. 
This superplasticity was attributed to the stable, equiaxed microstructure that results from 
recrystallization at room temperature. Others 5-18 have explored the dependence of 
superplasticity in cold-worked Sn-Pb alloys on variables, such as testing temperature, grain 
size, stress, and strain rate. In contrast to the extensive studies on the cold-worked and 



recrystallized Sn-Pb alloys, little attention has been paid to the alloys in the as-cast 
condition, beyond the repeated observation that as-cast alloys are not superplastic 3,4,6,19. 

But the recent works by Solomon 20, and by Seyyedi, Arsenault, and Keller 21 

have shown that as-solidified solder joints exhibit some superplastic characteristics: the 
stress exponent, n, in the relation, 'Y = A cr0 , is between 2 and 3 in a certain strain rate 
range. Our recent work 22 has provided evidence for superplastic creep in the as-solidified 
solder joints in various aspects: stress exponent, activation energy, grain size effect, total 
amount of deformation, and the microstructure origin. This work is a continuation of our 
previous study, reporting new results on both creep tests and microstructural observations. 

IT. EXPERIMENTS 

Since a detailed description of the experimental methods have been included in our 
previous paper 22, only the major points are mentioned here. 

Specimen Preparation 

A commercial 60/40 Sn-Pb solder paste was used, that is a blend of 80 wt % 
metallic powder and 20 wt % fully activated rosin flux. 

The geometry and size of single and double shear specimens are shown in Fig. 1 
where solder joints are sandwiched between the plates of printed circuit board that is made 
of epoxy fiber glass coated with a pure copper film. A pattern of 9 small squares, Fig. 1, 
of the copper film is produced by a process including applying a photoresist, electroplating 
Sn-Pb alloy, and etching off the copper. Three plates are assembled together with the aid 
of two through-thickness holes for alignment. Solder paste is placed with a pneumatic 
dispenser on each of 9 squares of the pattern before the three plates are packed. Sheathings 
are inserted between the plates to ensure a proper thickness for the solder paste. The plates 
are clamped and heated about 6 minutes in an oven at 208° C, above the liquidus of the 
60/40 Sn-Pb (190° C), and then either cooled in air or quenched in a liquid nitrogen bath. 

Creep Test 

A creep test apparatus is schematically illustrated in Fig. 2. Both sides of the 
specimen are gripped by frictional gripping devices that consist of two steel plates with 
rough surfaces which can be tightened with socket screws. As shown in Fig. 2, the 
bottom part of the specimen is joined with the stand, and the top part is pulled by a weight 
pan via steel wire and pulleys. The displacement of the top part of specimen is monitored 
with a linear variable differential transformer (L VD1) that has a sensitivity of 9.63 mV 
output for a 25.4 f.!m (0.00 1 ") displacement. The output voltage signal is amplified and 
then is recorded by a personal computer through a 12 bit analog-to-digital converter. It is 
estimated that the creep device has a displacement resolution of at least 1 f.!m. Testing 
temperatures are achieved by immersing the specimens in a silicon oil bath with a 
temperature variation of less than 1 °C. 
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Metallography 

After the creep tests, the specimens were cut by a diamond blade saw to expose the 
solder joint cross section. The specimens were then cold-mounted, and prepared for 
microstructural observation by mechanic grinding and polishing with light pressure. The 
samples were final-polished with Mastermet (a colloidal silica polishing suspension) and 
etched with a solution of 25 ml distilled H20, 5 ml HCl (37% concentration), and 5 g of 
NI-J4N03. The etching delineates the Sn grain boundaries in addition to providing contrast 
between the Sn-rich and Pb-rich phases. Optical microscopy at magnification of at least 
lOOOx is necessary to observe the.fine microstructure, and differential interference imaging 
is used to enhance the contrast between phases. 

lli. RESULTS AND DISCUSSION 

Creep Tests 

The steady state strain rate y in a creep test can be expressed as functions of the 
applied stress 't, testing temperature T, and microstructure, 

y = A t 0 exp ( - ~~ ). (1) 

The stress exponent n and the activation energy dH reflect the creep deformation 
mechanism, and the pre-exponential factor A includes the microstructural effects. For a 
cold-worked and recrystallized Sn-Pb alloy, n varies withy in a sigmoidal manner 7.8. In 
the highest strain rate region, n is equal to or larger than 6 7,11,13,14,17,18, in the 
intermediate d£/dt region, n reaches a minimum value that is close to 2 5-18, and in the 
lowest y region, n increases to 3.12 Superplastic behavior is observed only in the 
intermediate d£/dt region where n = 2. The activation energy, dB, is approximately that of 
grain boundary diffusion when the alloy is superplastic 12,14,16,18, but changes to a value 
near that for self-diffusion at both higher 13,14,16,18 and lower 12 strain rates when 
superplasticity is lost. The strain rate in the superplastic region also depends highly on the 
effective grain size,5,13,14,16,18 while the strain rate is independent of the grain size in 
normal creep at higher strain rates 13,14,16,18. 

With this knowledge of creep behaviors of the recrystallized near-eutectic Sn-Pb 
alloys, our creep test results of the as-solidified solder joints can be presented as follows. 

The stress exponent was determined in our previous paper by a stepped load creep 
test on a single specimen. In this method, a constant load is maintained until the strain rate 
reaches a steady-state value; the load is then changed to another level until another steady
state strain rate is obtained; and so on. The highest load is usually applied at the beginning 
of the test, and the load level decreased monotonically thereafter. With this method, a 
single specimen can generate. four or five data pairs of stress vs. strain rate, while 
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conventional creep test requires many specimens to determine n in equation (1). The 
adoption of the stepped load method in our previous work was to minimize scatter in the 
data caused by specimen variation in solder joint contact area. However, the validity of the 
stepped load test method may be questioned. Since the microstructure may evolve during 
the deformation process, consequently, what may end up being tested at different loads is 
the same solder joint with different microstructures. Thus, conventional creep tests were 
used to verify the results of the previous stepped load creep tests. 

Production of void-free solder joints with relative uniform joint contact area has 
been a problem, but with the improved techniques, enough void-free solder joints were 
made to perform the conventional creep tests to determine the stress exponents n. Typical 
creep test data of shear strain vs. time are plotted in Fig. 3. The creep curve has a slight 
primary creep stage, a roughly 15% shear strain of steady state creep stage, and a very long 
tail of tertiary stage. In Fig. 4, the steady state strain rate vs. the applied shear stress are 
plotted in double logarithmic scale. The tests were performed at 65° C mostly with single 
shear specimens for both air-cooled and liquid nitrogen quenched solder joints. A few 
double shear specimens were also tested. As seen in Fig. 4, at a strain rate of about lQ-4 

in/in per second, the slope of the log('y) vs. log('t), i.e. the stress exponent n, changes from 
a value between 6 and 7 to a value of about 2; and at a strain rate of about l0-5 in/in per 
second, another change in n occurs from 2 to a value of about 3. The transition from 2 to 3 
is not very clear, and is possibly due to scatter in the data. The transition in n implies a 
change in the deformation mechanism. At the higher strain rate above 10-4, the 
deformation process is predominantly dislocation climbing, while at the lower strain rate, 
grain boundary sliding plays an important role. 

As shown in Fig. 4, for y above I 0-4 in/in per second, the air-cooled solder joints 
crept at the same rate as the liquid nitrogen quenched solder joints with the same applied 
load; for y below 1Q-4 in/in per second, the quenched solder joints crept faster than the air
cooled solder joints. The difference in creep rate at y below 10-4 in/in per second can be 
explained by the difference in the microstructure. The quenched soldered joints have both 
fine grains, and fine Sn-rich and Pb-rich phases which promote the grain boundary sliding 
and rotation. The same phenomenon has been observed in bulk recrystallized eutectic Sn
Pb alloy specimens 13,14,16,18. 

Fig. 5 shows the total shear deformation in creep before rupture as a function of the 
applied shear stress. The scatter in data is probably due to_ the joint geometry. It has been 
noticed that the total shear deformation depends on the solder pad area. However, in these 
creep-rupture tests, at high stresses and strain rates the total shear deformations were 
around 60%, while at low stresses and strain rates the total shear deformations were about 
150%. The larger deformations at lower stresses and strain rates are related with the lower 
stress exponent at the lower stresses and strain rates. It has been proven in the superplastic 
theory that when n is equal to 1, the deformation can be infinite. In practical applications, 
superplasticity occurs when n is less than 3. The largest shear deformation before rupture 
obtained in these tests was about 300%. The creep test was performed at room 
temperature. A picture of this specimen before rupture is shown in Fig. 6. 
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In the previous study,22 the stress exponent at lower stress and strain rate range 
was determined by the stepped load creep tests to be equal or less than 2. But in this study, 
the stress exponent at lower stress and strain rate range was measured by the conventional 
creep tests and found to be close to 3. The discrepancy is shown in Fig. 7. The small 
opened circles represent the stress vs. strain rate data from the conventional creep tests; 
while other symbols represent the data from the stepped load creep tests. In the lower 
stress and strain rate range, the strain rate form the conventional creep test was the slowest 
compared with the other strain rates determined by the stepped load tests for the same 
applied shear stress. The strain rates from the conventional creep test were determined 
from undeformed specimens reflecting the initial microstructure of the as-solidified solder 
joints. On the other hand, the strain rates determined from the stepped creep tests were 
measured with the specimens that had been deformed during previous load steps. The 
microstructure evolved during the deformation at 65° C that is 73% of the absolute liquidus 
temperature of 190° C for the 60/40 Sn-Pb solder. 

The phenomenon of work softening has been reported 23,24 for a number of 
eutectic alloys, including Sn-Pb. The studies showed that eutectic Sn-Pb became softer in 
terms of hardness measurement after being hammered or rolled at room temperature. The 
phenomenon was attributed to recovery and recrystallization of the alloy at room 
temperature. However, metallographic confirmation was not fruitful. It is possible that in 
the stepped creep tests, the initial as-solidified microstructure of a solder joint is softened in 
the first load step, and results in a faster creep rate than that of an undeformed solder joint. 
The deformation promotes recrystallization which produces fine equiaxed grains, and in 
turn accelerates the grain boundary sliding process. The consequence of recrystallization is 
the reduction of the stress exponent from 3 for the initial microstructure to 2. However, 
recrystallization usually occurs only after a certain amount of deformation, but the amount 
of deformation seen in each stepped load is only about 5%: The factors that influence 
recrystallization in eutectic Sn-Pb, such as temperature, amount of deformation, and 
microstructure, are not well understood at this time. 

There is an interesting example reported in the literature that is probably related to 
the softening phenomenon.19,25 As shown in Fig. 8(a), the stress exponent of as
solidified eutectic Sn-Pb solder was determined by conventional creep tests to be equal to 
6.19 The same authors published the stress relaxation data as shown in Fig. 8(b).25 Since 
the stress relaxation rate, d1/dt, is proportional to the strain rate, y, the slope in the double 
logarithm plot of d1/dt vs. 1 is the stress exponent n. It is seen in Fig. 8(b) that the slopes 
for the relaxation tests from a high initial strain (opened circles) change quickly from a high 
value to a value of about 2, and the slopes for the relaxation tests from a low initial strain 
change slowly from a high value to a value of about 3. The microstructure after 
deformation (as shown in Fig. 6 in ref. 25) exhibits equiaxed, recrystallized grains. 

Microstructures 

As reviewed in the Introduction section, previous studies on superplasticity in near 
eutectic Sn-Pb alloys have established that while the alloys are superplastic after being cold
worked and recrystallized, the initial as-cast alloys are not superplastic. However, recent 
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works on as-solidified solder joints indicate that the creep deformation in the joints exhibits 
some characteristics of superplasticity. Attempts have been made in this study to discover 
the microstructural origins for superplasticity in the as-solidified soldered joints. Since the 
superplasticity is usually related with stable, fine ( < 5Jlm), and equiaxed grains, the effort 
has been in looking for this or a similar microstructure. The evidence has not been 
conclusive yet. However, in this report the microstructures produced in the various 
conditions, such as cold-worked, slow cooled, and quenched, are compared with that of 
as-solidified soldered joints, and the sources for the superplasticity in soldered joints are 
discussed. 

The microstructure of a cold-worked 60/40 Sn-Pb alloy is shown in Fig. 9. A 
block of cast alloy was swaged into a rod (the deformation was more than 100%), and 
micrographs of transverse (Fig. 9(a)) and longitudinal (Fig. 9(b) cross sections were taken 
two days later after the alloy had been deformed and stored at room temperature. As seen 
in Fig. 9, the Sn-rich phase (light areas) has become equiaxed, while the Pb-rich phase 
(dark areas) has not. A probable explanation is that the Sn-rich phase has recrystallized, 
while the Pb-rich phase has not yet. The Sn-rich phase has an average grain size of about 3 
Jlm. 

The microstructures of a slowly cooled eutectic Sn-Pb alloy is shown in Fig. 10. 
The alloy was melted in a graphite crucible at 220° C, about 40° C above its melting 
temperature 183° C. The molten solder was taken out from furnace and cooled in air. The 
microstructure of this alloy shows the typicallammelar/colony features: the Sn-rich and Ph
rich phases are arranged side by side in long range, different oriented arrays form colonies. 
Figs. lO(a) and 10(b) show the microstructures inside a colony and on a colony boundary, 
respectively. The theory on solidification of the eutectic phase 26 states that there are 
preferred crystallographic interfacial relations between the eutecitic phases. A slowly 
cooled eutectic colony, to a first approximation, is two interpenetrating "single crystals", 
one of each phase, oriented with respect to each other. It is seen in Fig. lO(a) that the Ph
rich arrays are not perfect straight lines, they are slightly misoriented to each other, and in 
places a long narrow phase breaks up into several short pieces. Accordingly, the Sn matrix 
exhibits few grain boundaries to keep the interfacial relations with the less regular Pb-rich 
phase. On the other hand, in the colony boundaries the Sn-rich phase is mostly broken up, 
because both Pb and Sn-rich phase lamellas are heavily disturbed. The Pb/Sn and Sn/Sn 
boundaries inside a colony are not expected to accommodate grain boundary sliding, since 
they are either fixed boundaries or small angle boundaries. In contrast, the Sn/Sn 
boundaries and Sn/Pb boundaries on the colony boundaries are more or less movable. 
Transmission electron microscopy study of the eutectic Sn-Pblamella 30 also indicated that 
the Sn matrix is not a monolithic grain but consists of poly granular grains. The study did 
not describe whether these grains had small angle or large angle boundaries. 

The microstructure of a quenched 60/40 Sn-Pb alloy is shown in Fig. 11. The 
alloy was melted in a quartz tube and quenched in ice water. The Pb-rich phase particles 
are very fine. There are a few areas in Fig. 11 where fine lamellas are observable. The 
Sn/Sn grain boundaries are not visible even after repeated chemical etching. 
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The microstructures of quenched solder joints before testing are shown in 
Figs.l2(a) and 12(b). The sizes of Ph-rich and Sn-rich phases (in Fig. 12(a)) are generally 
fmer compared with that of slowly cooled, Figs lO(a) and (b). The morphology of Ph-rich 
and Sn-rich phases· in quenched solder joints are not long range lamellar arrangement, 
compared with that of slowly cooled. Many areas in the joints, especially around the edges 
with copper interfaces, show equiaxed Sn-rich and Pb rich grains, Fig. 12(b). This 
equiaxed grains morphology is almost identical to that of recrystallized grain morphology, 
comparing Fig. 12(b) with 9(a). 

The microstructure for quenched soldered joints after creep deformation is shown in 
Figs. 12(c) and 12(d). Note that many equiaxed, recrystallized Sn-rich and Ph-rich grains 
have developed around the crack. This is probably a similar phenomenon to that of the 
"coarsened bands" that have been reported in the study of thermal fatigue 27, isothermal 
fatigue 28, and creep 29 of the as-solidified eutectic Sn-Pb solder joints. However, the area 
that has equiaxed grains in this study does not shape into a long narrow band but is rather 
broad, and the equiaxed grains are much finer. This is probably due to the initial irregular 
microstructure that resulted from the rapid solidification rate. 

IV. CONCLUSIONS 

Based on the results of both creep tests and microstructure observations, it is 
concluded that the as-solidified solder joints exhibit some superplastic features because of 
their initial fine, and non-lamellar distribution of Pb-rich and Sn-rich phases; 
recrystallization occurs during creep deformation, which consequently softens the joints. 
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FIGURE CAPTIONS 

Fig.l Double shear creep test specimen. Single shear specimen is made by cutting off 
one leg of the double shear specimen. 

Fig.2 Schematic illustration of creep test apparatus. 

Fig.3 Typical creep test curves . 

Fig.4 Double logarithm plots of the steady state strain rate vs. shear stress data 
determined with conventional creep tests at 65° Con single shear specimens with 
air-cooled and liquid nitrogen quenched solder joints. 

Fig.5 Rupture shear strain vs. applied shear stress. 

Fig.6 A solder joint after being creep tested at room temperature, a total shear strain of 
about 300% was obtained. 

Fig.? Double logarithm plot of the steady state strain rate vs. shear stress data determined 
by both conventional creep tests (small opened circles) and stepped load creep tests 
(other symbols). 

Fig.8 (a) the steady state strain rate vs. shear stress, and (b) the stress relaxation rate vs. 
shear stress of as-solidified eutectic soldered joint determined in Refs. 19 and 25, 
respectively.· 

Fig.9 Optical micrographs of a cold-swaged 60/40 Sn-Pb rod, in (a) transverse and (b) 
longitudinal cross sections. 

Fig.lO Optical micrographs of a slowly solidified eutectic Sn-Pb alloy, (a) inside a colony, 
and (b) on a colony boundaiy. 

Fig.ll Optical micrograph of a quenched 60/40 Sn-Pb alloy. 

Fig.12 Optical micrographs of quenched 60/40 Sn-Pb soldered joints, (a) before creep 
test, for most areas, (b) before creep test in some edge areas. 

Fig.12 The optical microstructures of quenched 60/40 Sn-Pb soldered joints, (c) after 
creep test, low magnification, and (d) after creep test, high magnification. 
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Fig. 1: Double shear creep test specimen. Single shear specimen 
is made by cutting off one leg of the double shear specimen. 
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Fig. 4 Steady state shear srrain rate vs. shear srress data determined 
at 65° C with air-cooled and liquid nitrogen quenched solder joints. 
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Fig.6 A solder joint after being creep tested at room temperature, a total shear strain of 
about 300% was obtained. 
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Fig.7 Double logarithm plot of the steady state strain rate vs. shear stress data determined 
by both conventional creep rests (small opened circles) and stepped load creep tests 
(other symbols). 
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Fig. 8 (a) The steady state shear strain rate vs. shear stress, and 
(b) the stress relaxation rate vs. shear stress of as- solidified 
eutectic soldered joints determined in refs. 19 and 25, respectively. 
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(a) (XBB 906-4854 top) 10~ 

(d) (XBB 906-4854 bottom) 10 j.lffi 

Fig. 9 Optical micrographs of a cold-swaged 60/40 Sn-Pb rod, in transverse (a) 
and longitudinal (b) cross sections. 
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(a) (XBB 906-4857 top right) 10 f..li11 

(b) (XBB 906-4856 bottom) lO~m 

Fig. 10 Optical micrographs of a slowly cooled eutectic Sn-Pb alloy, (a) inside a 
colony, and (b) on a colony boundary. 
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(XBB 907 -5490) 10 Jlffi 

Fig. 11 Optical micrograph of a quenched 60/40 Sn-Pb alloy. 
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(a) (XBB 906-4853 bottom) 10 JllTI 

(b) (XBB 906-4853 top) 

Fig. 12 Optical micrographs of quenched 60/40 Sn-Pb soldered joints before creep 
test, (a) is most areas, and (b) in some edge areas. 
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(c) (XBB 906-4851 bottom) 25 Jlffi 

(d) (XBB 906-4850 bottom) 10 Jlffi 

Fig. 12 Optical micrographs of quenched 60/40 Sn-Pb soldered joints after creep 
test, (c) low magnification, and (d) high magnification. 
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